This research focuses on the supply chain network design of a fast pyrolysis and hydroprocessing production pathway by utilizing corn stover as feedstock to produce gasoline and diesel fuel. A mixed integer linear programming (MILP) model was formulated to optimize fast pyrolysis and hydroprocessing facility locations and capacities to minimize total system cost, including the feedstock collecting costs, capital costs of facilities, and transportation costs. The economic feasibility of building a new biorefinery in Iowa was analyzed based on the optimal supply chain configuration and savings in bio-oil logistic costs to the centralized upgrading facility. supply chain configuration and savings in bio-oil logistic costs to the centralized upgrading 12 facility.
1
national energy security, greenhouse gas reduction, and rural economic development (Lynd et al., The cellulosic biofuel volume standard for 2012 is 10.45 million gallons per year (MGY) (EPA, 7 2011), which is only 0.06% of the total RFS2 mandate for 2022; thus, cellulosic biofuel has a 8 long way to go to reach the EPA goal. Total logistic costs along the supply chain constitute 25% 9 of the total fuel cost (Hess et al., 2007) . Feedstock production and logistics constitute 35% of the 10 total production costs of advanced biofuel (Aden et al., 2002; Phillips et al., 2007) , and logistic 11 costs associated with moving biomass from land to biorefinery can make up 50-75% of the 12 feedstock costs (Grant et al., 2006) . Collectively, the supply chain system activities of harvest, 13 collection, storage, preprocessing, handling, and transportation, represent one of the largest 14 challenges to the cellulosic biofuels industry. It is thus very important to investigate the supply 15 chain design of the biofuel production systems as part of evaluation on their economic feasibility 16 (Bai et al., 2011 ).
17
Thermochemical biofuel production pathways offer opportunities for rapid and efficient 18 processing of diverse feedstock into fuel and chemicals (Adams et al., 2011; Brown, 2011; Haro 19 et al., 2013). Fast pyrolysis is a thermochemical process that can be used to convert 20 lignocellulosic biomass into three different products: bio-oil, biochar, and non-condensable gases 21 (NCG) (Kauffman et al., 2011) . Several previous studies report the costs of producing biobased 22 hydrocarbons via fast pyrolysis and upgrading (Islam and Ani, 2000; Wright et al., 2010) . Bio-oil 23 is a viscous and corrosive liquid that must be upgraded prior to refining, which can occur either 1 at a decentralized fast pyrolysis facility or at a centralized dedicated refinery. Upgrading can be 2 accomplished either catalytically via fluid catalytic cracking or by reaction with hydrogen via 3 hydroprocessing. Upgraded bio-oil undergoes a refining step in which it is split into separate 4 hydrocarbon streams according to boiling range that are then blended into gasoline and diesel 5 fuel. 6 Supply chain management is a relatively well-studied area, especially in the traditional 7 manufacturing and service sectors. There is an emerging literature on supply chain design for the 8 biofuel industry. The majority of the biofuel supply chain literature focuses on the deterministic minimizing total costs for facility construction, roadway capacity expansion and transportation.
19
The authors consider multimodal transportation for biomass and biofuel shipments and also take 20 into account the expansion of distribution infrastructure. Uncertainty is an important factor in the 21 biofuel supply chain design, thus researchers started to incorporate the risks and uncertainties 14 This study investigates the supply chain design and configuration for a thermochemical 15 production pathway with distributed processing facilities and centralized biorefinery. The MILP 16 models formulated consider the entire supply chain of biofuel production, from biomass 17 collection to final biofuel distribution. Both facility locations and capacities are optimized, which 18 are essential to the biofuel supply chain network design. This is due to the high capital costs, 19 longevity, and inflexibility to make changes for the biofuel supply network. The MILP models 20 are then applied to a distributed fast pyrolysis facility and centralized biorefinery supply chain 21 network for a case study in Iowa. In the case study, liquid transportation fuel is produced from concludes with a discussion of the results and a summary of managerial findings.
10

Methodology
11
In this section, a problem statement for the distributed biorefinery supply chain network design is 12 presented, mathematical notations are introduced, and the MILP models are detailed.
13
Problem statement
14
A typical biofuel supply chain includes feedstock production, feedstock transportation, biofuel 15 conversion, and biofuel distribution. Figure 1 hydrocracking (a reaction with hydrogen under more severe conditions than hydrotreating to 22 depolymerize the high molecular weight compounds in the hydrotreated bio-oil) and refining 1 (splitting of the bio-oil hydrocarbon fractions by molecular weight and blending to yield 2 biobased gasoline and diesel fuel) to yield transportation fuels. The hydrocracking and refining is 3 done at a centralized location to take advantages of economies of scale (Wright et al., 2008) . A 4 decision has to be made as to whether to utilize existing refining capacity in a non-optimal 5 location (a refinery in Louisiana in the Iowa case study) or an optimally-located new biorefinery.
6
The refinery decision implies a trade-off between the capital investment for the new biorefinery 7 and the transportation costs to move the bio-oil between the distributed fast pyrolysis facilities 8 and the existing refinery.
9
A supply chain network design framework is formulated to identify the optimal locations and 10 capacities of fast pyrolysis and hydroprocessing facilities. Two modeling scenarios for the 11 upgrading facility siting are considered: Scenario 1 assumes that the hydrotreated bio-oil is 12 transported to an existing petroleum refinery in Louisiana for hydrocracking and refining, while 
Mathematical notations
16
The mathematical notations utilized in the model are listed in Table 1 (superscripts are used 
Model formulation
20
A MILP model is developed to identify the optimal supply chain configurations to minimize the 21 total system cost along the supply chain. Two scenarios have been analyzed based on the 22 assumptions for the centralized upgrading and refining facility. In scenario 1, the upgrading and 1 refining is taking place in an existing non-optimally located facility in Louisiana. In scenario 2, 2 the centralized refining facility is optimally located in Iowa.
3
Scenario 1: Use existing refinery 4 The model for scenario 1 identifies the optimal locations and capacities for the distributed fast 5 pyrolysis and hydrotreating facility network, and the hydrotreated bio-oil is hydrocracked and 6 refined at an existing refinery. The objective function is to minimize the total annual system cost, which includes biomass 8 collection cost, biomass transportation cost, amortized fast pyrolysis facility capital cost, 9 hydrotreated bio-oil shipping cost, and gasoline and diesel fuel distribution cost.
Notice that the gasoline and diesel fuel distribution cost (last term in objective function) is a 11 constant since both the shipping amount and distance are parameters. Although it does not affect 12 facility location and capacity decision-making, it is included to keep the consistency between of 13 scenario 1 and 2.
14 The constraints include that (1a) the total biomass shipped from the biomass supplier does not 15 exceed the supplier's total available biomass; (1b) the amount of hydrotreated bio-oil produced 16 in a facility is based on the amount of biomass shipped to that facility and the conversion rate is 17 based on experimental data; (1c) the total amount of biomass shipped to the fast pyrolysis facility 18 does not exceed facility capacity; (1d) no more than one facility can be located at each candidate site; and (1e) the gasoline and diesel fuel produced meet the biofuel demand . The objective function in scenario 2 is also to minimize the total annual system cost. The 6 difference is that instead of transporting the mildly hydrotreated bio-oil to an existing refinery 7 site, the bio-oil is transported to the optimally located biorefinery for hydrocracking and refining.
8
The annual cost reduction from scenario 1 to scenario 2 is to analyze the economic feasibility of 9 building a centralized biorefinery.
The majority of the constraints are similar to those of scenario 1. Distinctions in the constraints 11 include: (2e) hydrotreated bio-oil is shipped to an optimally located biorefinery; (2f) only one 12 biorefinery is planned to cover the upgrading and refining need; (2g) conversion balance from 1 hydrotreated bio-oil to transportation fuels; and (2h) the produced transportation fuels will satisfy 2 fuel demand.
∑ one capacity-level facility at each site (2d) biorefinery capacity (2e)
It should be noted that the total annual costs for both scenarios should also include the 4 conversion costs from biomass to hydrotreated bio-oil. Since both scenarios will satisfy the same 5 total demands, the amount of biofuel produced will be the same. Therefore, the bio-oil 6 conversion costs will be the same for both scenarios and thus will not impact the supply chain 7 network decisions. The bio-oil conversion cost is not included in the objective function, but is 8 rather incorporated into the scenarios' comparison. We consider each county of Iowa as a potential biomass (corn stover) supplier. The annual 6 available weight of corn stover is estimated based on the corn yield considering the residue-to-7 grain ratio (Heid, 1984) . The county level corn production data is from the National Agricultural shows that a 30% removal rate results in 93% soil cover after residue harvest. In this study, we 12 assume that the maximum biomass supply is 70% of total available corn stover. The county-level 13 corn stover supply distribution is shown in Figure 2a . The stover collection cost is calculated Biomass losses are incorporated for the collection and transportation process. It is assumed to be 18 5 wt% (weight percentage) in this study.
19
The main product for this production pathway is the transportation fuels. The gasoline demand The candidate locations for the distributed fast pyrolysis facilities are at the county centroids.
3
In scenario 2 where the centralized biorefinery site is to be determined, the candidate biorefinery oil via truck is assumed to be equal to the national average truck shipping cost of $0.26/ton-mile.
12
The transportation cost of gasoline via pipeline is assumed to be equal to the national average oil 13 pipeline cost of $0.027/ton-mile.
14
The distributed fast pyrolysis facility in this study converts corn stover to bio-oil via a In the numerical examples, we consider four available capacity levels: 400, 1000, 1500, and ( )
The objectives of both scenarios models are the minimization of the annual total system cost.
5
Therefore, an amortized facility capital cost is calculated for a fast pyrolysis facility with a 20-6 year life and an interest rate of 10%.
7
Numerical results
8
Numerical results and modeling analysis for both refinery scenarios are presented in this section. 
Scenario 1: Use an existing refinery in Louisiana
10
Scenario 1 determines the optimal decentralized fast pyrolysis facility locations and capacities.
11
The mildly-hydrotreated bio-oil is hydrocracked and refined in an existing refinery in Louisiana.
12
The optimal distributed fast pyrolysis facility locations are illustrated in Figure 3 gasoline demand data (shown in Figure 2b ). The predetermined refinery location is in Louisiana.
The numbers of facilities of each capacity level are:
1 400 metric ton/day 1000 metric ton/day 1500 metric ton/day 2000 metric ton/day 2 17 9 7
In this scenario, the optimal value of the total annual production cost (excluding the bio-oil 2 conversion costs) is $2.5 billion. Itemized costs are listed in Table 2 . facility-located county is illustrated with arrows.
13 400 metric ton/day 1000 metric ton/day 1500 metric ton/day 2000 metric ton/day 0 0 0 18
In this scenario, the optimal annual total production cost (excluding the bio-oil conversion 14 costs) is $880 million. Itemized costs are listed in Table 3 . Iowa for the purpose of bio-oil hydrocracking and refining.
4
From Figure 3 and Figure 4 , it should be noted that feedstock is primarily from the county 5 where the facilities are built which reduces the transportation costs. In scenario 2, all facilities 6 employ the highest available capacity level of 2000 metric ton/day, because a larger capacity 7 facility is more cost-effective due to the facility capital scaling factor (the economies of scale).
8
Though this still holds for scenario 1, some smaller facilities are also built to balance the facility 9 capital cost and corn stover transportation cost.
10
It is also demonstrated in Figure 3 and Figure 4 that optimal facility locations tend to be closer includes a bar chart for the comparison of the itemized costs for scenarios 1 and 2. In Table 4,   21 the itemized costs, total production cost, and unit cost per gallon of liquid fuel for both scenarios 22 are illustrated.
23
The fast pyrolysis conversion costs are not included in the objective function in the model 1 formulation. This is because the facilities will produce the same amount of biofuel for both 2 scenarios; therefore, the fast pyrolysis conversion operating costs will be the same and will not 3 affect the location and capacity decisions. In the total production cost analysis, the fast pyrolysis Table 4 show that total transportation cost accounts for a much larger proportion of total annual 6 cost in scenario 1 than in scenario 2. The cost difference between the two scenarios is primarily 7 due to the shipping costs of both the hydrotreated bio-oil and the final biofuel products. This is 8 because of the difference in bio-oil and biofuels transportation distances. The bio-oil and biofuel 9 transportation distances for both scenarios are detailed below. To investigate the sensitivity of the biomass availability to the supply chain network design, we variation in stover availability due to uncertainty caused by weather, pests, etc. Different total 1 annual costs considering stover supply availability are listed below.
2 Scenario 1 Scenario 2 80% corn stover availability $2,520,000,000 $893,000,000 100% corn stover availability $2,506,000,000 $880,000,000 120% corn stover availability $2,499,000,000 $872,000,000
The fast pyrolysis facility locations and capacities remain unchanged. However, the biomass 3 flows change with corn stover availability. Increased stover availability provides higher 4 flexibility in feedstock source choices, consequently reducing total system cost, while lower corn 5 stover availability increases total cost. The change in the total cost is not very significant, which 6 validates the robustness of the proposed biofuel supply chain design framework. In scenario 2, the centralized biorefinery location is an important decision for stakeholders. We pessimistic case is included in Table 5 . As shown in Figure 6 , the distributed fast pyrolysis biofuel distribution planning decisions are studied to provide managerial insights for investment 10 decision making.
11
This study identifies the optimal facility locations and capacities for the production of gasoline 12 and diesel fuel from corn stover via fast pyrolysis and hydroprocessing. Facility location and 13 capacity decisions have a direct impact on costs along the supply chain, including feedstock 14 transportation cost, biofuel production cost, and biofuel distribution costs. The numerical results
15
in the case study demonstrate that transportation/logistic costs contribute significantly to total 16 production cost.
17
The economic feasibility of a fast pyrolysis and hydroprocessing facility is maximized when 18 transportation costs are reduced via the optimization of facility locations and capacities. This is pyrolysis and mild hydrotreating, and centralized hydrocracking and refining to produce biofuel. 
